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ABSTRACT

Chadwick, Daniel J. M.S.A.A., Purdue University, December 2016. Mechanism of Shot
Peening Enhancement for the Fatigue Performance of AA7050-T7451. Major Professor:
Dr. Michael D. Sangid.

Shot peening is a dynamic cold working process involving the impingement of peening
media onto a substrate surface. Shot peening is commonly employed as a surface treatment
technique within the aerospace industry during manufacturing, in order to improve fatigue
performance of structural components. The compressive residual stress induced during
shot peening is understood to result in fatigue crack growth retardation, improving the
performance of shot peened components. However, shot peening is a compromise between
the benefit of inducing a compressive residual stress and causing detrimental surface
damage. Due to the relatively soft nature of AA7050-T7451, shot peening can result in
cracking of the constituent particles, the effect of which is recognized as a ‘critically
detrimental influence upon the component’s fatigue performance.’1 The intention of this
thesis is to understand the balance and fundamentals of these competing phenomena,
through analysis involving a comparative study throughout the fatigue life cycle of ‘as
manufactured’ versus shot peened AA7050-T7451. A series of dog bone samples were
manufactured, with a subset undergoing shot peening surface treatment. Microstructural
grain characterization and comparison of ‘as manufactured’ and shot peened AA7050T7451 has been carried out using scanning electron microscope (SEM), electron back
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scatter diffraction (EBSD), and energy dispersive spectroscopy (EDS) techniques. A
residual stress analysis through interrupted fatigue of ‘as manufactured’ and shot peened
AA7050-T7451 was completed utilizing a combination of x-ray diffraction (XRD) and
nano-indentation. The fatigue life cycle performance of the ‘as manufactured’ versus shot
peened material has been evaluated, including qualitative analysis and comparison of crack
initiation and propagation in ‘as manufactured’ and shot peened material. Through this
experimentation and analysis, this thesis endeavors to answer the question of what is the
mechanism for shot peening enhancement for fatigue performance. An objective of this
work is to understand how a cracked particle starts to incubate the short crack into the
matrix within a residual stress field.

1

INTRODUCTION

The link between material processing and material performance has been exploited by
mankind since his inception. Throughout history, mankind has sought to improve the
performance of metallic tools, weapons and components. Whilst the microstructural effects
may not have been fully understood by early metallurgist and blacksmiths, the intrinsic
link between material processing and material performance has been ever present. This
study concentrates upon the modern day surface treatment technique, shot peening. A
technique that has evolved from the principles of primitive forms of cold working, and now
finds itself relevant in today’s highly regulated aerospace industry.

2

Figure 1 Fundamentals of material behavior; the structure, processing, material
properties, and resultant performance.
Shot peening is a surface treatment conditioning technique developed in the late 1920s, of
which has drawn upon the cold working processes throughout history. Shot peening is a
dynamic collision process between shot (consisting of metallic, glass, or ceramic spheres)
and substrate (the treated component), resulting in plastic deformation of the substrate and
a compressive residual stress region adjacent to the area of impact. Essentially, controlled
cold working by thousands of small impingements of shot media.
According to Bush et al2, the earliest ancient examples of cold working include hammering.
A gold helmet seen at Figure 1, retrieved from the Mesopotamian ancient city of Ur
showing evidence of the process, is dated circa 2700 B.C.

3

Figure 2. An early example of cold working, a gold helmet manufactured circa 2700
B.C.3
Throughout the ages, the consistent principle of cold working processes is the subjection
of material to mechanical stress in order to induce plastic deformation, and thus, a
permanent change to the microstructure of the crystalline lattice, and consequently, the
material’s performance. William Shenk, a turn of the twentieth century blacksmith, was
amongst the first to utilize the peening hammer.4
The evolution of shot peening, into the practice we recognize today, occurred in earnest
through the twentieth century. Shot peening was introduced in the United States around the
1930s, with patents being granted for the shot peening machine in 1934.5 The practice was
largely utilized during manufacturing throughout the Second World War era, with
applications including the enhancement of the fatigue life on components such as leaf
springs, connecting rods, crankshafts, camshafts, and aircraft landing gear structure. It was
not until the close of the Second World War, 1945, when the precise measurement of shot
peening was mastered by John Almen, with the ‘Almen strip’ method used to measure
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peening intensity. Whilst early in the development of cold working, the benefits of the
process were recognized, it was not until this significant development in the art of shot
peening at the middle of the twentieth century that the fundamental science behind the
process was grasped.
The intention of this study is to better understand the microstructural effects of shot peening
through a number of different experimental techniques. With experimentation and analysis
centered on a comparison between ‘as manufactured’ aerospace grade aluminum alloy,
AA7050-T7451, and ‘shot peened’ samples of identical material, the difference in material
behavior as a result of the shot peening process is key. In this research, microstructural
grain characterization and comparison of ‘as manufactured’ and shot peened AA7050T7451 will be carried out using scanning electron microscope (SEM) in combination with
electron back scatter diffraction (EBSD) equipment. This technique will enable the
acquisition of data on grain orientation, sizing, and shape, for statistical comparison. In
order to carry out elemental analysis of constituent elements of the material, including
secondary phase identification, energy dispersive spectroscopy (EDS) will be employed.
The intention of this practice is to positively identify precipitate particles, in order to carry
out specific analysis and experimentation through nano-indentation hardness testing, and
SEM imaging. It is hypothesized that the hardness of precipitates, their potential cracked
state from peening, may contribute significantly toward the fatigue performance. A
qualitative survey of precipitate particles before and after shot peeing is carried out, in
addition to before and after fatigue cycling each case. Additionally, x-ray diffraction is
employed to evaluate the residual stress (average near surface compressive residual stress
magnitude) throughout fatigue cycling of samples.
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Through this experimentation, this thesis endeavors to answer the question of what is the
mechanism for shot peening enhancement for fatigue performance. An objective of this
work is to understand how a cracked particle starts to incubate the short crack into the
matrix within a residual stress field, and at what stage of the fatigue life this occurs, and if
shot peening has an effect upon the phenomenon.

6

LITERATURE REVIEW

2.1

Background

Shot peening is a dynamic work hardening surface treatment process. The process involves
inducing a compressive residual stress into a material, thus modifying the material’s
microstructure and subsequent performance. The relevant literature will be presented in
order to illustrate the current state of the process. Additionally, throughout this research,
the experimental methodology and conventions associated with the processes draw upon
the advances of existing literature. A previous study, conducted by Sharp and Clarke, will
be reviewed and summarized in relevance to this research, in addition, the findings of a
preliminary finite element model developed by the researcher, will be presented.
2.2

Fundamentals of Shot Peening

Kirk6 breaks down the fundamentals of shot peeing into the following topic areas; shot
peening basics, peening media, residual stress distribution, coverage and saturation. An
elegant analogy compares shot peening to spray painting. In that ‘roughly spherical
particles are projected onto to a surface with the object of achieving a uniform, specified
coverage…with particles accelerated by compressed air from a gun.’7 With ‘a spray cone
produced whose intensity (particles crossing a unit area per unit time) decreases as the
square of the distance from the gun to the work piece… the greater the volume of paint
emerging from the gun per unit time, the greater the application.’8

7
2.2.1

Residual Stresses

The key modification of a material, through the shot peening process, lies in the inducing
of a compressive residual stress at the surface. Kirk states that ‘the object of that
compressive layer is to offset applied tensile stresses, thus improving service performance
(fatigue, corrosion-fatigue etc.).’9 The compressive residual stress is attributed to the
plastic deformation of the substrate, suffered during the peening process. According to
Elber, ‘when a material is shot peened, the residual compressive stresses at the surface
prolong the fatigue life.’10 In a specific study by Kirk, the residual stress in shot peened
components, it is stated that the ‘shot peening of components produces a magic skin
containing compressive residual macro-stress…skin has a thickness that is largely
determined by the size of the shot particles which have been used.’ Kirk attributes the
residual stress to ‘overlapping stress fields from numerous indentations.’11 Put more
simply, when peening media hits the substrate, it causes plastic deformation, stretching the
impacted area. When the surface of the substrate is covered in these small deformations,
there is a continuous layer of compressive stress adjacent to the peened surface. 12 It is
widely accepted that it is this effect of compressive residual stress is the mechanism by
which shot peening extends fatigue life. This is backed up by significant experimental
evidence within literature.
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Figure 3 Shot peening causing plastic deformation and inducing a compressive residual
stress region adjacent to the impacted surface.13

2.2.2

Depth of Compressed Layer and Stress Relaxation

In order to appropriate a shot peening process, it is critical to quantify the depth, and
magnitude of the compressive residual stress region induced by peening. The depth and
magnitude of the compressive residual stress can be quantified using numerous destructive
and non-destructive methods testing methods such as x-ray diffraction, slitting, drilling, or
nano-indentation. Kirk states that the depth and magnitude of the compressive residual
stress region varies with peening intensity, as well as the hardness of the substrate
material.14 Peening ‘intensity’ is quantified though a technique known as the Almen
intensity test. The compressive residual stress is critical in the enhancement of fatigue life.
It should be noted that the shot peening process is only beneficial in delaying cracking in
high cycle fatigue. This is due to stress relaxation during the crack propagation phase
observed during low cycle fatigue, where due to this relaxation, the induced surface
damage caused by shot peening outweighs the marginalized crack retardation caused by
compressive residual stress.
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2.2.3

Shot Media

In order for the shot to impart a perfect collision with substrate, Kirk states that ‘batches of
shot would comprise perfectly spherical particles, all of identical diameter, having
infinitely high hardness, and fracture resistance.’15 However in reality such materials do
not exist. Subsequently, materials selected for shot are endeavored to emulate this desired
state, and shot is thus usually comprised of ceramics, glass, or cast iron. An added
complication of the choice of shot material is fracture toughness, whereby ‘if the shots
kinetic energy is greater than the work required to fracture it, then it will break.’16
Subsequently, for predominantly non-ferrous materials, such as AA7050, of which broken
shot embedding/contamination of ferrous material is of concern, then the ceramic or glass
alternatives are employed as preferred shot media.
2.2.4

The Effect of Peening on the Fatigue Life of AA7050

A relevant study to this research is the work of P.K. Sharp and G. Clark, of the Airframes
and Engines Division, Aeronautical and Maritime Research Laboratory, of the Defence
Science and Technology Organization (Australia). Sharp and Clark investigate the effect
of peening on the fatigue life of 7050 aluminum alloy, with the intention of ‘establishing a
life-improvement-factor’17 for components subjected to shot peening for structural use on
the F/A-18 Hornet aircraft, of the Royal Australian Air Force.
Sharp and Clark discuss the implications of highly optimized structural design of high
performance military aircraft, including the ‘increased sensitivity of airframe structure and
its fatigue life to surface features such as corrosion and mechanical damage.’18
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It is discussed that shot peening treatments are ‘widely used in mechanical and aeronautical
engineering to improve the fatigue performance of components,’19 however it is also
acknowledged through citing the work of Clayton and Clark20 that shot peening can, in
some cases, result in a decrease in fatigue life.
The work of Sharp and Clark goes on to describe the two most significant parameters
associated with the shot peening process, as coverage (proportion of surface area peened)
and saturation (amount of peening energy applied to each area). It is stated that these two
factors primarily contribute to the effect upon improving the fatigue life for a given applied
loading. These primary factors are said to be calibrated, or quantified, via the
aforementioned Almen Intensity test.
2.2.4.1 Almen Intensity Test
The Almen Intensity is a shot peening specific metric developed by J.O. Almen, the pioneer
of the shot peening quantification practice. Almen developed the ‘Almen Strip’, which is
a thin piece of SAE1070 steel, used to essentially culminate numerous variables/parameters
involved in the shot peening process. It is stated that the ‘calibration of the impact energy,
or peening intensity (via the Almen Intensity) of the shot stream is essential for controlled
shot peening... and the energy of the stream is a function of the media size, material,
hardness, velocity, and impingement angle.’21 Broulidakis22 provides a concise summary
of the Almen Intensity, stating that it is defined as the arc height of the Almen strip,
following the peening process. The Almen arc height measurement is taken from the
deflection of the strip from the base following the peening process, directly translating into
Almen intensity, measured in inches.
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Figure 4 The Almen strip of the Almen Intensity test, fixed in position prior to being
exposed to shot peening.23
Sharp and Clark explain the theory behind the shot peening process inducing a compressive
residual stress. Stating ‘peening attempts to spread material near the impact point against
the resistance of neighboring material, thus introducing a complex subsurface stress
distribution...in which the surface is in elastic compression...there is a transition to elastic
tension at a deeper level.’ Figure 5 illustrates the resultant residual stress state of a substrate
material, following the shot peening process.

Figure 5 Schematic of residual stress distribution below a peened surface. Residual stress
profiles demonstrate the compressive region adjacent to the surface caused by peening,
transitioning into a deeper tensile region to maintain a state of equilibrium.24
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Sharp and Clark draw attention to a key element of this study in their research, specifically,
the tradeoff between surface damage sustained by shot peening, and the residual stress
produced to benefit fatigue life. It is stated that for ‘steel components the fatigue life is
influenced principally by the distribution of residual stress...similarly in aluminum
alloys...the residual compressive stresses are also a major component in determining
fatigue life; but because of the greater damage to the softer material, the surface finish
(roughness and defects) is also recognized as a critical influence on fatigue life.’25 It is this
effect, currently not well researched, on which this study will concentrate.
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2.3

Material Information

The material utilized throughout this study is an aerospace grade aluminum alloy, AA7050.
The material is tempered in the T7451 condition and produced in plate form, according to
specification AMS 4050: AA7050-T7451,26 and as per MIL-HDBK-5.27 AA7050 is widely
utilized within aerospace applications due to its combination of strength, toughness, and
stress corrosion cracking resistance. According to Alcoa28 of whom is a major
manufacturer of the material, typical aerospace applications for AA7050-T7451 include
fuselage frames, bulkheads, and wing skins.
As per MIL-HDBK-5, AA7050 is an ‘Al-Zn-Mg-Cu-Zr alloy developed to have a
combination of high strength, high resistance to stress corrosion cracking.’ The material
constituents provide a ‘low sensitivity to quench, which results in high strength in thick
sections.’ The chemical composition limits of AA7050 by weight percent is broken down
at Table 1.
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Table 1 Aluminum Alloy AA7050-T7451 Chemical Composition
Chemical Composition Limits of AA7050-T745129
Element

Min Wt. %

Max Wt. %

Aluminum

87.3

90.3

Chromium
Copper

0.04
2

Iron
Magnesium

2.6
0.15

1.9

2.6

Manganese

0.1

Silicon

0.12

Titanium

0.06

Zinc

5.7

6.7

Zirconium

0.08

0.15

Other (each)

0.05

Other (total)

0.15

Further to the chemical composition of the material, the basic mechanical and material
properties of AA7050-T7451 is sourced from literature, and can be seen at Table 2.
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Table 2 Mechanical and Material Properties of AA7050-T7451

Properties of AA7050-T745130

Ultimate Tensile Strength

524 MPa

Yield Tensile Strength

469 MPa

Elastic Modulus

71.7 GPa

Poisson’s Ratio

0.33

Density

2.83g/cc

Fracture Toughness (S-L Direction) 28 MPa-m^1/2

Fracture Toughness (T-L Direction)

31 Mpa-m^1/2

Fracture Toughness (L-T) Direction

35MPa-m^1/2
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2.4

Finite Element Model

A previous study, conducted by Chadwick31 focused upon the prediction of residual stress
in an AA7050-T7451 substrate following shot peening. The intention of the study was to
develop a two-dimensional (2D) axisymmetric model for the qualitative prediction of
through thickness residual stress profile from the shot peening process. The modeling was
carried out in software package ABAQUS, taking into account numerous variables
involved, specific to the shot peening process. The variation of mechanical properties and
characteristics of the substrate can be modelled in order to predict changes to substrate and
material behavior resulting from the shot peening process (i.e. the residual stress profile),
derived from a number of variables involved in the process. The accurate prediction
through finite element modelling of the shot peening process, and resultant substrate
material characteristics, can be of significant influence towards the better understanding of
material final performance.
The finite element model developed is a 2D axisymmetric model for the qualitative
prediction of residual stress in a substrate from a single impact of shot. The residual stress
profile of a substrate following the shot peening process is a function of the variables of
shot peening, including: part geometry, shot and substrate material, shot velocity, amongst
others.
The model produced in the analysis represented a substrate material AA7050-T7451, and
rigid body steel shot. The material and physical properties for which were sourced from
literature. Figure 6 illustrates the selected area of interest for analysis, with assumptions of
symmetry.
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Figure 6 Substrate target and shot representative of the shot peening interaction. The light
grey area illustrates the area of analysis for the 2D axisymmetric model.
The model was created using a dynamic explicit collision, with two parts created to
simulate the substrate and the shot, due to the axisymmetric nature of the defined problem.
The first part consisted of a 2D deformable planar shell with partitions in the upper left
impact region to aid with mesh refinement. This rectangular shell was a representation of
the shaded grey area of interest of the Figure 6 (where residual stress profiling following
impact is prominent), and demonstrative of the cross section at the gauge of a sample
geometry.
The second part represented the shot, a 2D deformable planar shell of a semi-circle
representative of typical shot geometry.
2.4.1

Model Physical and Material Properties

Physical and material properties utilized to define the shot and substrate can be seen in the
table below. The substrate and shot were modelled utilizing vastly different material
properties. The modelling of the substrate (simulating homogeneous Aluminum Alloy
AA7075-T7451) was modelled utilizing elastic-plastic material deformation model
Johnson-Cook, and rate dependent hardening (Johnson-Cook). The shot (steel) was
modelled as a rigid body. The properties utilized in the modelling can be seen in the below

18
tables. As ABAQUS is a unit-less software package, careful attention was paid to
conversion and input of scientific metric units.

Table 3 Physical and Material Properties
Substrate
Material
Young’s Modulus (GPa)
Poisson’s Ratio
Density (kg/m3 )
Thickness (mm) (m)
Shot
Material
Diameter (mm) (m)
Density (kg/m3 )
Mass (kg)
Velocity (m/s)

AA7050-T7451
71.7
0.33
2830
1.6 (0.0016)
Steel
0.36 (0.00036)
7860
1.92E-7
55

It should be noted that typical shot peening velocities32 range in practice from 40m/s to
70m/s so for the purpose of this model, an average velocity of this range was adopted
(55m/s). This was the shot velocity utilized by Howard, and will make for simpler
validation of results.

Table 4 Johnson Cook Material Modeling Constants for AA7050-T7451 including rate
dependent hardening.33
A

B

435.7E6 2534.624E6

n

C

m

Epsilon
Dot Zero

Temp Trans
(Deg C)

Temp Melt
(Deg C)

0.504

0.019

0.97

1

25

635
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2.4.2

Model Setup

The simulation of the shot peening scenario was modelled using a dynamic explicit
collision. The contact of the shot to the substrate was managed through ‘surface-to-surface’
explicit contact, with ‘normal’ behavior, and ‘hard’ contact. Surfaces of contact were
defined and assigned sets (as seen in Figure 7), to control the interaction, and default
automatic stabilization was set.

Figure 7 (Left) The defined surface ‘contacts’ of the shot and substrate, and (Right) the
assembly of the 2D axisymmetric shot peening simulation illustrating boundary
conditions of axis symmetry and predefined velocity vector (55m/s) of shot.
A step duration of 9e-5 seconds was created for the interaction, based on the distance for
the inbound shot to translate at its prescribed velocity, as well as ensure contact between
substrate and shot, and separation. The field output interval was set at 25, which iterated
and output field data at even time points of the duration of the explicit model.
The ‘initial’ step involved the creation of boundary conditions which included x-axis
symmetry along the left hand side of both the shot and substrate parts, and the fixing of the
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base and right hand side of the substrate (sides displacement fixed in horizontal
displacement and rotation, base fixed in vertical displacement and rotation. This setup
appropriately simulated a 2D configuration of clamping the dog bone into position during
a shot peening process, whilst also reducing the computational overhead by assuming axis
symmetry. Additionally, a 55m/s ‘predefined’ velocity field was applied to the node set of
the shot, as well as mass inertia. For aesthetic purposes of modelling, the shot was placed
in initial position 2.5x its diameter (a distance of 0.9mm) above the substrate, to which it
would translate inbound, contact, and then separate all within the step time duration.
Both the substrate and shot parts were meshed utilizing 2-D explicit CPE4R, a 4-node
bilinear plane strain quadrilateral, reduced integration, with hourglass control. This
element type was recommended by ABAQUS for dynamic contact simulations, with post
processing involving residual stress analysis.
The partitions of the substrate allowed for refining of the mesh adjacent to the point of
surface-to-surface contact, whilst reducing the computational requirements for areas of
minimal interest. Additionally, attention was closely paid to matching the element size
involved in the surface-to-surface contact for best results. The mesh shape was appropriate
given the geometry of the parts and contact surfaces. Further study, the potential of utilizing
a 2D plane strain wedge element could be entertained for meshing of the shot (due to curved
geometry of interfacing collision surface).
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Figure 8 Mesh of shot and substrate, illustrating the refined mesh of both, in surrounds of
surface to surface contact, and subsurface area of interest for residual stress profiling
(substrate), seed sizing 8E-006 for refined mesh area.
Seed size was varied for the collision area locally in order to complete a convergence study.
This involved varying both the local seed size of the partitions within the substrate as well
as the shot. Throughout this variation, the elements on both the contact surfaces were
maintained at similar sizing for compatibility. Seed size was reduced iteratively, as the
principle stresses at a constant point began to converge. A total of six different mesh sizes
were refined and computed, with output gained from node queries of which the locational
was kept constant for comparison during convergence analysis. Using this methodology,
the model stress variation could be analyzed in order to see convergence on an accurate
solution (stabilizing). The convergence analysis was conducted utilizing a set of 6
refinements, incrementally decreasing in step size based on the magnitude of the delta
between the results of the preceding steps. Specifically, the seed size at the convergence
study deemed to be acceptable due to stabilization of stress value outputs (seed size of
substrate and shot of 8.00E-6) was selected, due to convergence.
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Figure 9 illustrates the variation of S11 direction stress at a stabilized step following
collision at time of final iteration (25), and the convergence on a solution with variation of
seed sizing.

Figure 9 Convergence Analysis illustrating the relationship between solution accuracy
(stabilization of output (principle stress)) and the seed size and number of elements. It
can be seen that decreasing seed size, increasing the number of elements meshed,
increases the accuracy of the solution.
Figure 10 illustrates the stress contour plot (through thickness direction principle stress of
the substrate) following impact from the shot. As expected, there is a compressive stress
adjacent to the surface-to-surface contact area of the shot and the substrate, consistent with
the outcomes of literature and analytical solutions. The output stress contour demonstrates
that the elastic-plastic (Johnson-Cook) rate dependent material modelling of the substrate
is effective (showing strain and plastic deformation immediately adjacent to the impact on
the substrate). The result was deemed qualitatively accurate.

23

Figure 10 Through thickness stress contour plot (principle stress) of substrate following
55m/s collision with shot, demonstrating residual compressive stress resulting from the
cold working process, a realistically conceivable residual stress profile, consistent with
researched literature.
The qualitative variation of through thickness residual stress magnitude due to the shot
peening process is well known and documented. It is expected that there is a compressive
stress adjacent to the surface-to-surface contact area of the shot and the substrate, and this
balanced by tensile stress through the gauge thickness.
The resulting output of the generated model is consistent with the typical qualitative
residual stress profile accepted in literature, where we see a compressive stress adjacent to
the surface-to-surface contact area of the shot and the substrate.
This model endeavor produced a two-dimensional (2D) axisymmetric model for the
qualitative prediction of through thickness residual stress profile from the steel shot
peening of AA7050-T7451. The results have been shown to have qualitative similarity with
literature,34 as well as typical qualitative theoretical residual stress profiles.
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EXPERIMENTATION

3.1

Sample Manufacture

From the plate material AA7050-T7451, a set of 20 dog bone samples were machined from
a rolled plate in the L-T direction. The orientation can be seen at Figure 11, adapted from
Mello, et al. 35

Figure 11 Orientation of the machined dog bone samples of AA7050-T7541, L-T,
parallel to the rolling direction of the plate.
The AA7050-T7451 samples utilized throughout this study were the same as used by
Mello, et al. The samples have a nominal thickness of 1.6mm and a 3mm thick gauge
section. The samples have a length of 48mm. A 10x10mm section at each end gives the
distinctive dog bone appearance, with this grip section utilized during fatigue loading for
load cell grip - specimen load transfer. According to Mello, et al, the specimen were
‘adapted from the ASTM E836 standard…and the geometry of the specimens chosen based
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on the size of the surface to be analyzed and compatible dimensions with the scanning
electron microscope (SEM) chamber.’ Additionally, ‘during machining, the specimens
were machined 6.4mm away from the plate surfaces to avoid the excessive effect of the
rolling processes.’37 The effect of the rolling process affects microstructural grain
orientation and texture can be observed in Figure 12, from literature.

Figure 12 An example of grain texturing (a) before and (b) after rolling. Elongation of
grains in (b) demonstrate rolling direction. 38

Following the machining process, the surface of the samples exhibited significant
machining evidence. The state of the surface of the AA7050-T7541 samples can be seen
in Figure 13.

26

Figure 13 AA7050-T7541 radius and grip area interface exhibiting rough surface
condition due to CNC machining tool manufacturing.
The decision was made to accept this ‘as manufactured’ surface condition as the baseline
condition for comparison of the two sample sets, in order to replicate the most unruly of
manufacturing processes. One side of all samples were roughly polished utilizing a fixed
speed Buehler Ecomet V Grinder-Polisher, and a 1200 grit sand paper for 2 minutes under
lubrication with water. This process gave the samples an asymmetric surface face
condition, with one face in the ‘as manufactured’ condition with machining marks evident,
and the opposite face, relatively free of machining marks but fine scratches as a result of
the 1200 grit sand paper polish.
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Figure 14 AA7050-T7541 radius and grip area exhibiting surface condition following 2
min 1200 grit polish.
At this point, five of the 20 samples were sent to Progressive Surface via Electronics Inc
(external entities providing shot peening services) to undergo the shot peening surface
treatment process. Throughout this research, these five samples shall be referred to as the
‘shot peened’ subset. The remaining samples were left in this condition for later
experimentation and analysis, and these samples shall be referred to as the ‘baseline’
subset.
3.2
3.2.1

Shot Peening Process

Background

For the purposes of this experimentation, five dog bone samples of AA7050-T7451
underwent a shot peening process. The shot peening processes was outsourced to
Progressive Surface via Electronics Inc. Samples were shot peened on all faces, in a staged
peening process involving fixing the samples onto a flat backing whilst the opposite side
was peened. The peening media utilized for shot was a Z150 ceramic zirconia, with
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constituents including ~68% Zirconia (ZrO2) and ~32% vitreous phase (SiO2 and Al2O3).
The shot particle size ranges from 100-210um diameter. The shot was pressure blasted
through a 5/16” V-type nozzle at a pressure of 6 PSIG, with a 45 degree angle of
impingement from the horizontal surface, and a 6” standoff distance. To quantify the
peening parameters, saturation tests were carried out on two Almen Intensity test strips
prior to the process. Exposure was measured as ‘number of passes’ over the test strip, and
the resultant arc height, (in) was recorded. The following results were observed:
Table 5 Electronics Inc. Almen test strip results (Saturation Curve)

Exposure (# passes)
Arc Height (in)

8

16

32

64

4.3

5.5

6.1

6.6

The T and 2T parameters (the first point on the Almen saturation curve at which an increase
of less than 10% in arc height is observed following a doubling of exposure), was at the
22.4 and 44.8 pass. This point is defined as peening ‘saturation’, whereby it is the earliest
point on the curve where doubling the exposure produces no more than 10% increase in
arc height. Results of the saturation curve produced by Electronics Inc. gave a T of 22.4
and 2T of 44.8 passes respectively.
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Arc Height - N (In)

8
7
6
5
4
3
2
1
0
0

7

14

21

28

35

42

49

56

63

70

Exposure (number of passes)

Figure 15 Results of saturation curve data from Electronics Inc. following the testing
of peening parameters
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Figure 16 Graphical representation of peening saturation point, the T and 2T parameter
indicative of the first point on the Almen saturation curve at which an increase of less
than 10% in arc height is observed following a doubling of exposure.
Following this process, samples were visually inspected for any warping or out of plane
deformation, symptoms of a significant imbalance of residual stress. All samples remained
free of warping and splitting following the peening process.
3.3

Surface Preparation

Machining ‘marks’ were evident across all surfaces of the samples from the Computer
Numerical Controlled (CNC) machining manufacturing process as seen in previous Figure
13. A rough surface such as this is not compatible with microstructural analysis techniques
such as electron backscatter diffraction (EBSD) due to the non-uniformity of the surface
geometry condition. Subsequently, a surface preparation regime was required in order to
produce a uniform surface on one of each type specimen (baseline and shot peened).
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3.3.1

Removing Machining Marks

Following manufacture, as previously mentioned, all samples were polished on one face to
remove machining marks. This was carried out utilizing a fixed speed Buehler Ecomet V
Grinder-Polisher, and a 1200 grit sand paper disc for 2 minutes under lubrication with
water. However, this surface treatment still exhibited scratches and non-uniformity of the
sample surface. Finer polishing techniques were required to be developed in order to
successfully obtain the surface uniformity that is compatible with microstructural analysis
techniques.
3.3.2

Surface Analysis

Surface roughness characterization (topography) was carried out utilizing a Zegage 3D
Optical Profiler. Data acquisition was conducted by Dr. Alberto Mello. This is a noncontact, light interferometry device which was utilized for quantitative measurements of
sample surface profiles. Three different surface states were analyzed for surface roughness
characterization; a baseline as machined sample face, a shot peened sample face, and a
sample polished for 2 minutes with 1200 grit face.
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3.3.2.1 As Machined Sample Surface Face at 6.75x magnification

Figure 17 Top view topographic map of AA7050-T7451 following machining. CNC
machining marks clearly evident.
3.3.2.2 1200 grit polished Sample Surface at 6.75x magnification.

Figure 18 Top view topographic map of AA7050-T7451 following removal of machining
scratches through 2 min of disc polishing with 1200 grit.
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3.3.2.3 Shot Peened Sample Surface at 6.75x magnification

Figure 19 Top view topographic map of AA7050-T7451 following shot peening process.
The surface topography measurements were plotted to characterize a cross section of the
sample surfaces, with the profile seen at Figure 20.
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Figure 20 Comparative surface topography of the varied surface states.
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3.3.3

Fine Polishing Technique Development

An experimental hand polishing regime was conducted on a sundry shot peened sample,
after the shot peeing process. The intention of this was to evaluate the depth of surface
roughness that would need to be removed to conduct EBSD on a uniform surface. Polishing
was carried out using the Ecomet V Grinder-Polisher, and a series of short 2 minute
exposures to a Pace Technologies NAPPAD 8” polishing pad loaded with distilled water
and a 0.05um colloidal silica suspension. Figure 21 illustrates the removal of
approximately 93um of total material over a sequence of 2 minute intervals, after each 2
minute polish an optical image was obtained using an Olympus BX51M optical
microscope. The sample thickness was measured before and after the polishing process,
with a Mitutoyo IP-65 Micrometer.

Figure 21 Incremental polishing of a shot peened sample of AA7050-T7451,
demonstrating depth of surface roughness.
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The polishing process uncovered the fact that approximately 90um of material was required
to be removed, prior to the exposure of a completely uniform surface free of any shot
peening evidence. This was interesting given the surface topography suggested the bottom
of the open peening craters were at a depth of approximately 10um from the surface peaks.
This is explained by the fact that the topography is a ‘line of sight’ technique, and not
penetrating to recognize any subsurface defects. Once a uniform surface was achieved,
micro-scratches which were still evident needed to be removed. Initially, it was thought
that further polishing with the colloidal silica would result in a flat, uniform surface,
capable of producing EBSD results, however this was not the case for two reasons. Firstly,
with over polishing, chemical etching would occur, with the result shown in the Figure 22.

Figure 22 Chemical etching of AA7050-T7451 following extended mechanical and
chemical exposure with 0.05um colloidal silica suspension.

36
Secondly, if 0.05um colloidal silica polishing with the NAPPAD 8” polishing pad occurred
over a period greater than approximately 45 minutes, a ‘mountain range’ effect was
observed. This effect is attributed to the hardness differential between the AA7050-T7451
matrix and the precipitate particles, with the softer matrix being polished away, exposing
the harder mountainous precipitates. This effect can be observed in the Figure 23.

Figure 23 Mountain range effect of over polishing, exposing harder precipitates and a
non-uniform substrate matrix.
Finally, these issues were resolved through a polishing process consisting of a simple 1200
grit sand paper ‘cut’ for 2 minutes with distilled water lubrication, effectively ‘leveling’
the surface, then a 40 minute fine polish using the 0.05um colloidal silica and an excess of
distilled water, until a uniform, flat, and mirror like surface was achieved.

37
3.4

Fiducially Marking Samples

In order to secure a consistent point of reference upon the samples, fiducial markers were
employed. Following polishing, and prior to the final cleaning of the samples before EBSD,
a Vickers Leco micro hardness tester LM247AT was utilized to place indents marking five
square areas of interest upon the polished sample surface. The indents were placed to mark
up five (for redundancy in case of defects) square 1000x1000um areas upon the gauge
surface of the specimen. The indents were formed using a loading at 200 grams of
indentation force. Each area was marked with a label indent, following dice numbering
convention, for ease of identification. The pattern was programmed using Cartesian
coordinates, to give the layout seen at Figure 24.

Figure 24 Fiducial markup of five areas of interest (1000x100um) upon the sample gauge
section, and labelling convention.
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Figure 25 Fiducial markup of an area of interest upon sample.
Following the creation of this uniform surface, and reference points, microstructural
analysis could commence through EBSD.
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4.1
4.1.1

Electron Backscatter Diffraction

Background

Electron Backscatter Diffraction is a microstructural analysis technique utilized for
obtaining significant amounts of data and information on the crystalline structure of the
analyzed material. EBSD utilizes the combination of a scanning electron microscope
(SEM), a high speed camera, and processing software in order to analyze a material. The
EBSD technique is based upon diffracted electron patterns, known as Kikuchi patterns,
which are generated by the constructive interference of electrons diffracted from the
surface of the analyzed material, in order to determine grain orientation, texturing, and
phase information. The theory of the technique is based upon the Bragg equation:
݊ߣ ൌ ʹ݀ߠ݊݅ݏ
According to Winkelmann et al,39 EBSD systems utilize the theory of ‘the Bragg equation
to predict the positions of the Kikuchi band edges, and the kinematic diffraction model to
estimate the relative intensities of the Kikuchi bands.’ The patterns are collected using a
high speed camera. The angles between the corresponding planes are cross referenced with
a database of material inter-planar angles, stored within the orientation imaging
microscopy (OIM) software, in order to determine microstructural makeup of the analyzed
material.
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4.1.2

Experimental Setup

The setup for this experimentation involved a FEI Philips XL-40 scanning electron
microscope, an EBSD high speed camera, and phosphor screen. The sample orientation
was placed upon a 45 degree stub, and then a stage tilt of 25 degrees was employed in order
to give a total of 70 degrees (from horizontal) of sample tilt relative to the normal of the
incident electron beam. An accelerating voltage of 25kV, and a spot size of 5 was utilized
for the electron source. The aperture setting was 100um.
The sample mounting processes included significant surface preparation, as the EBSD
technique is extremely sensitive to sample surface condition. Following the surface
preparation techniques developed to give uniform surface, the samples were cleaned
(chemical ultra-sonic cleaning carried out with 3 minute cleanses in each of isopropyl
alcohol, acetone, and finally methanol followed by a pneumatic rinse) then mounted onto
the 45 degree aluminum stub using double sided carbon tape, and copper tape for grounding
and security. The sample stub assembly was then mounted on the stage within the SEM
chamber, the chamber vented to vacuum, and the area of interest was identified upon the
sample surface. The SEM image was acquired, focusing upon the central third of the
1000x1000um area of interest. A working distance of 17-18mm was used to focus the
image, (calibrated for operation at 16-22mm) from a stage Z position of 10mm, the image
was then exported to the OIM data collection terminal for selection of the scan area.
The high speed camera then relayed the diffracted electron interference patterns to the OIM
data collection terminal, in which the captured image can be modified using a number of
processing parameters. These include gain, black, exposure time, and an initial subtraction
of background interference (noise capturing and removal). Once these parameters were
optimized, a scan of the respective areas of interest was carried out utilizing a step size
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conducive to a resolution appropriate for the grain size. Previous studies by Mello et al,
had suggested an average grain size for the AA7050-T7541 material of 80um,
subsequently, a step size for EBSD scan of 4um was selected, to give a balance of
resolution and practical scan time. Parameters selected within the OIM Data Collection
software included the elemental phase, of which aluminum was selected from the
software’s library. The Hough selected, was based on the cubic crystallographic orientation
of aluminum having seven peaks.

Figure 26 Schematic illustrating the experimental setup of the EBSD process within the
SEM chamber.40
4.1.3

Results

A total of four successful EBSD scans were conducted. Two scans were carried out upon
a baseline sample, and two scans were carried out upon a shot peened sample for the
purposes of microstructural analysis and grain characterization. The inverse pole figure
(IPF) plots of the respective sample types can be seen at Figures 27 through 30.
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Figure 27 Shot peened inverse pole figure plot, area of interest #2, following cleaning.

Figure 28 Shot peened inverse pole figure plot, area of interest #4, following cleaning.
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Figure 29 Baseline inverse pole figure plot, area of interest #2, following cleaning.

Figure 30 Baseline inverse pole figure plot, area of interest #4, following cleaning.
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Table 6 EBSD scan data results summarizing scan confidence indexes and average grain
geometries, *average grain geometries exclude edge grains.

Sample
Baseline
Baseline
Shotpeened
Shotpeened

4.1.4

Area of
Interest
2 Cleaned
4 Cleaned
2 Cleaned
4 Cleaned

Average
Confidence
Index
0.79
0.84
0.94
0.94

*Average
Grain
Dia (um)
62.43
61.14
64.04
65.26

*Average
Grain
Area
(um2)
3061.12
2936.20
3220.79
3344.76

Number
of
Grains
208
123
232
187

Number of
Edge
Grains
50
32
58
40

Confidence Index

In order to have what is deemed reliable data, an average confidence index (CI) of >0.10
is required.41 The CI result is dependent upon the OIM software crystallographic
orientation solutions being fitted to the Kikuchi bands, using a fitment confidence
algorithm. CI ranges from 0 through to 1, and is allocated to each sampled point of the
scan. All scans had acceptable average CI, above 0.10, thus qualifying as ‘reliable data’.
4.1.5

Cleanup of Data

Following the initial data collection, a consistent cleanup regime was employed to all scan
results on the OIM Analysis software, in order to remove what was considered noise. Noise
is caused by poor surface condition affecting the diffracted electrons trajectory, making
identification and fitting of patterns impossible or inaccurate (having a low CI) in that
location. Additionally, the presence of the secondary phase (precipitates) is not accounted
for during the EBSD process, as the material is considered to be pure homogenous
aluminum for analysis. The cleanup process involved removal of data points with CI less
than 0.05, and filtering and removal of disparate, isolated, and very small orientations
utilizing the OIM Analysis Software Version 6.1 post processing functions. This process

45
produces a representation of the microstructure considered more accurate than the
originally obtained data. The following steps were carried out for all data sets during the
cleaning process:
Table 7 Cleaning procedure utilized for post processing of EBSD scan data.
1:
2:
3:
4:
5:
6:

Dilation: (tolerance 3.0, min size 30, Multi Row 1, Single Iteration 0)
Grain CI Standardization (tolerance 3.0, min size 30, Multi Row 1)
Grain Fit Standardization (tolerance 3.0, min size 30, Multi Row 1)
Neighbor CI Correlation: (min CI 0.05)
Neighbor Orientation Correlation: (level 2, tolerance 3.0, min CI 0.05)
Neighbor Phase Correlation: (min CI 0.05, Singe Iteration 0)
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4.1.6

Grain Orientation Distribution

Figure 31 Stereographic triangle illustrating grain orientation distribution of baseline and
shot peened scans
The stereographic triangle illustrating grain orientation distributions, shows the orientation
of each of the scanned areas of interest. It should be noted there exist a banding of grain
orientation in the baseline cases, with this orientation attributable to the rolling
manufacturing process. The banding effect is less profound in the shot peened scans, with
more randomized orientation, spreading out to the <001> orientation.
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4.1.7

Grain Size Distribution

Figure 32 Cumulative Distribution of Grain Diameter.
Grain size (diameter) between the shot peened and baseline samples illustrate a relatively
similar makeup. A null hypothesis test was carried out in order to discern any significance
between the two sets, in terms of a difference in average grain sizing. Due to the large
variance of grain size, and relative proximity of the means of the two sample sets, there is
no statistical difference in average grain size for the analyzed areas of the baseline versus
shot peened samples, at any reasonable level of statistical significance.
4.1.8

Grain Refinement due to Shot Peening

It is understood within literature, that shot peening has a profound effect upon grain
structure, including grain refinement. At the surface following shot peening, we see severe
plastic deformation caused by the process. Experimentation by Harada, et al,42 explores
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near surface grain refinement analysis with temperature dependency. It is shown that for
higher temperatures (particularly above recrystallization temperature), the plastic
deformation caused by shot peening results in significant near surface grain refinement.
This grain refinement effect is not evident within observed results. This is attributable to
the polishing process and orientation carried out prior to EBSD scans on shot peened
samples, the area in which grain refinement would be observed is removed when polishing
to expose a sub-peening surface to approximately 90um. To observe any grain refinement
in the near shot peened surface, a cross section could be taken, and polished, to evaluate
the effect of peening upon near surface grain refinement, however, when polishing upon
the peening face, the material providing this evidence is removed.
4.1.9

Analysis of Microstructural Attributes

Following the cleaning process, the microstructure of both the baseline and shot peened
cases were analyzed. It is evident from the inverse pole figure plots, that both cases
demonstrate significant grain elongation and texturing parallel to the L-T direction. This
microstructural characteristic is attributable to the manufacturing process, is which the
rolled plate was produced, with the rolling direction in the L-T. Subsequently, we see
evidence of grain elongation in this direction. This type of textured grain structure can
contribute to anisotropic directional properties, however the effect is considered consistent
between the baseline and shot peened cases, and is dismissed for the purposes of this
research. For each of the baseline and shot peened sample scans, we observe an average
grain diameter of approximately 60-65um.
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4.1.10 Energy Dispersive (X-ray) Spectroscopy - Background
In order to conduct elemental analysis upon the samples, a technique of energy dispersive
x-ray spectroscopy was utilized. This was carried out using a FEI Philips XL-40 scanning
electron microscope. EDS utilizes x-rays generated by the interaction between the beam
and the analyzed specimen interaction, in order to evaluate elemental composition.
According to the FEI Philips XL-40 SEM Elemental Analysis user guide, ‘x-rays are
generated up to a few micro-meters deep into the specimen (shallower for high Z elements
and deeper for low Z elements, and for an area of 0.2um in diameter on the surface.’43 In
order to stimulate the release of an elementally unique x-ray, EDS relies upon a high energy
beam (in this case an electron beam) to be focused onto the subject sample. This high
energy beam excites the analyzed element’s indigenous electron to jump to an alternate
shell during which it emits unique x-rays (which can be measured via a spectrometer).
Since the unique x-rays correspond to an energy level associated with a specific jump in
atomic shells of an atomic element, this can be cross referenced to determine what the
elemental makeup of the analyzed sample’s constituents.
4.1.11 Experimental Setup
Elemental analysis was conducted on a polished sample of AA7050-T7451. The sample
was prepared under the same conditions as EBSD, in the polished state, with chemical
ultra-sonic cleaning carried out with 3 minute cleanses in each of isopropyl alcohol,
acetone, and finally methanol, in addition to a pneumatic rinse. The sample was then
mounted onto a flat aluminum stub, using double sided carbon tape, and copper tape for
grounding and security. The sample stub assembly was then mounted upon the stage in the
SEM chamber, the chamber vented to vacuum, and the area of interest was identified upon
the sample surface. The SEM image was acquired using a Z stage of 10mm, working
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distance of 16-17mm, beam energy setting of 25kV, and spot size 5, focusing upon a
precipitate particle, which was then exported to the EDAX Genesis microanalysis data
collection terminal. A dwell point was analyzed, both on the identified precipitate, and on
the matrix itself in order to evaluate the chemical constituents of each region.

Figure 33 Dwell points selected via the cross hair, for elemental analysis, (Left) interrogating
the precipitate, and (Right) interrogating the material matrix

4.1.12 Results
Results of the elemental analysis showed that following at least 500 counts, the chemical
constituents of the precipitate interrogation included copper (Cu), iron (Fe), and aluminum
(Al). The matrix material returned only aluminum (Al), as expected. Subsequently, these
results correlate with the work of Mello et al,44 suggesting that the precipitates are
predominantly Al7Cu2Fe, and confirm the nature of the precipitates for further analysis
involving nano-indentation and SEM imaging through interrupted fatigue. Small
inconsistent returns of magnesium (Mg) were also noted.
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5.1
5.1.1

Fatigue Loading

Fatigue Equipment

A combination of two different axial load frames were utilized in this research in order to
apply fatigue load cycling to the samples. Initially, a Mark-10 ESM1500 electric screw
driven load frame was employed for relatively low (<100 cycles) cycle fatigue. The Mark10 is a single column load frame, capable of loading up to 6.7kN (1500lbF), has a travel
range of 32in. (813mm), and an available cross head speed range of 0.02-2,300mm/min
(0.001-90in/min). The load frame is configured with Series R01 load cell (force sensor),
and Mark-10 G1061-2 Model grips.
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Figure 34 Mark-10 ESM1500 load frame.

Secondly, a larger, custom built hydraulic drive MTS load frame was utilized for the higher
(>100 cycles) fatigue loading. The MTS load cell consists of a model 244.12 hydraulic ram
(actuator), capable of loading up to 25kN (5620lbF), in combination with an MTS 661.20E01 load cell (transducer), capable of sensing loads of up to 25kN (5620lbF). The gripping
mechanisms utilized were MTS 647 hydraulic wedge grips, capable of gripping pressure
up to 21MPa.
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Figure 35 MTS load frame, illustrating hydraulic grips, test frame, and grip control panel.
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5.1.2

Fatigue Testing Preparation

Fatigue testing variables were selected as follows:
Table 7 Fatigue Testing Parameters

Parameter

Mark-10 Load Frame

MTS Load Frame

Maximum Stress (σ MAX)

400 MPa

400MPa

Minimum Stress (σ MIN)

20 MPa

20 MPa

Frequency/Cross Head Speed

2mm/min

3 Hz

Stress Ratio (R)

0.05

0.05

Loading Shape

Saw tooth

Sinusoidal

Gripping Mechanics

Mechanical screw drive

10 MPa in hydraulic

wedge

wedge

The test loading thresholds were chosen as ~85% of the material’s tensile yield strength
(469MPa), as the maximum stress of 400MPa, and a stress ratio of 0.05 gave a minimum
stress of 20MPa. This ensured that the fatigue loading regime remained within the elastic
region, given the material properties of the sample material.
5.1.2.1 Mark-10 Crosshead Speed Selection
For the Mark-10 Load Frame, a stress command versus stress measured analysis was
carried out in order to assess the compliance of the machine at varying cross head speeds.
With any crosshead speed greater than 3mm/min, an overshoot of stress commanded would
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occur, and subsequently, to ensure stress measured replicated stress commanded, cyclic
fatigue was run at 2mm/min on this load frame.
5.1.2.2 MTS Fatigue Testing Frequency Selection
For the MTS Load Frame, the cyclic frequency was also analyzed through a force
command versus force measured comparison for a range of frequencies. The purpose of
this evaluation was to select a test frequency with an ‘acceptable’45 delta between force
commanded and force actual. In order to establish this threshold frequency, an analysis of
force error was carried out at each frequency 0.67Hz through to 9Hz. Results below, show
the average delta between force commanded and force actual when conducting a 400 cycle
test, with a data sampling rate of 60Hz, and a maximum stress of 400 MPa, minimum stress
of 20MPa. It should be noted that this test was ran from 0 to 400 cycles for each frequency,
and captures the error between force command and force measured as the compensator
‘ramps up’ and chases the commanded force, taking approximately 80 cycles to reach the
desired stress maximum and minimum for lower frequencies (less than 3Hz), and the
number of cycles to equilibrate measured and commanded increasing exponentially at
higher frequencies, thus increasing error. This testing was ran on a dummy sample with a
cross sectional geometry of 1.26 x 3.03mm at the gauge, this translated into a set point of
801.47N and an amplitude of 725.14N to result in the desired stress parameters (400MPa
and 20MPa).
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Results of force commanded versus force measured (average absolute error) for a range of

Average Absolute Error of Stress
Command and Stress Measured (MPa)

cyclic frequencies are shown at Figure 36.
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Figure 36 MTS Load Cell frequency accuracy evaluation. Average Absolute Error
between measured and commanded stress over a range of frequencies.
5.1.3

Interrupted Fatigue Analysis.

Prior to fatigue testing commencement, a sample throughput sequence was draw up, for
which interrupted fatigue analysis could be conducted via other experimental methods (xray diffraction, nano-indentation, SEM imaging) for each sample at incremental stages of
fatigue.
A sequence of which would enable the iterative analysis of samples via x-ray diffraction
for residual stress, at varied levels of fatigue cycling (n= 0, 1, 10, 100, 1000, 10000, and
15000) was employed. Following this staggered fatigue analysis, all samples were finally
cycled until failure. The unique geometry and loading parameters resulting consistent stress
controlled fatigue is listed at Table 8.
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Table 8 Sample Geometry and Loading Parameters

Reference

Gauge Cross
Sectional
Area (mm^2)

Setpoint
(N)

Amplitude
(N)

Force
MAX (N)

Force
MIN (N)

Failure
(cycles)

Baseline

A15

4.596

965

873

1838.488

91.9244

26543

Baseline

A11

4.444

933

844

1777.436

88.8718

21170

Baseline

A4

4.502

945

855

1800.7952

90.03976

17561

Baseline

A8

4.494

944

854

1797.614

89.8807

26921

Baseline

A14

4.489

943

853

1795.752

89.7876

25573

Shotpeened

SP1

4.665

980

886

1865.824

93.2912

14160

Shotpeened

SP2

4.628

972

879

1851.2664

92.56332

25087

Shotpeened

SP3

4.658

978

885

1863.22

93.161

23590

Sample
Type

Loading parameters in amplitude and set point were derived from sample geometry at the
gauge section measured using a Mitutoyo IP-65 Micrometer with care to ensure no stress
concentrations or scratches were imparted onto the samples. Small variations in sample
geometry resulted in unique loading parameters for each sample to ensure consistent stress.
Set point is the mean force, with amplitude being the alternating force.
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5.1.4

Cycling through to Failure Results

Cycles til fracture (N)

30000
25000
20000
15000
10000
5000
0
A15

A11

A4

A8

Baseline

Baseline

Baseline

Baseline

A14

SP1

SP2

SP3

Baseline Shotpeened Shotpeened Shotpeened

Figure 37 Results of fatigue testing until failure of AA7050-T7451 samples, baseline and
shot peened.
The shot peened sample set failed after an average of almost 21,000 cycles. The baseline
sample set failed after an average of almost 23,500 cycles. A statistical hypothesis test was
carried out, resulting in no statistical difference in the average cycle to failure performance
of the baseline versus the shot peened sample average, at any level of reasonable
significance. Subsequently, with the small sample size and large variance, no significant
conclusion can be drawn regarding the effect of shot peened versus baseline fatigue
performance for this experimentation. However, it is stated by Lieurade and Bignonnet46
that compressive residual stresses can only improve fatigue strength provided that there is
no ‘rapid relaxation of these stresses in service.’ Evidence of such a rapid relaxation is
provided later through x-ray diffraction results (significant reduction of compressive
residual stress at approximately the 10k-15k cycle point) which may have been a
contributing factor in the fatigue performance observed in the shot peened samples.
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5.1.5

Stress Strain Relation through Fatigue

The stress versus strain relationship through fatigue has been plotted for various lifecycle
points for both the baseline and shot peened samples. Stain measurements were taken with
a MTS Model 632.26 B30 extensometer with a gauge length of 7.62mm for comparison of
baseline and shot peened response. Figure 38 illustrates the relationship for both cases, in
early and later fatigue points.
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Figure 38 Stress Strain relationships for AA7050-T7451 in varied stages of fatigue, in
baseline and shot peened samples. Of note, no plastic deformation leading to hysteresis
loop opening, due to stress controlled loading remaining in the elastic region. Elastic
modulus (linear trend line gradient) correlates with known value for AA7050 (71.7GPa).
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5.2
5.2.1

X-Ray Diffraction

Background

X-ray diffraction is a common non-destructive technique in the evaluation of residual
stresses in metallic polycrystalline lattice materials. The Measurement Good Practice
Guide states that ‘in measuring residual stress using x-ray diffraction, the strain in the
crystal lattice is measured, and the associated residual stress is determined from the elastic
constants assuming a liner elastic distortion of the appropriate crystal lattice plane.’ 47 The
number of different grains of which contribute to the measurement, is dependent upon the
grain size and beam geometry. X-ray diffraction is considered to be a near surface
measurement, ideal for analysis of surface treatment processes such as shot peening.
Through residual stress measurements, it is possible to correlate this qualitative data with
fatigue performance results, as the technique can be utilized to assess the magnitude of
average compressive residual stress of near surface shot peened samples.

5.2.2

Principles

X-ray diffraction relies upon the emission of x-rays from a beam source (S), which are
emitted in a narrow beam focused onto the analyzed material sample surface (in a known
orientation), and then diffracted based upon the state of the polycrystalline lattice material.
The diffracted x-rays are then sensed by an x-ray detector (D). The diffraction angle (2θ)
is the angle between the incident beam’s subsurface trajectory (should it have continued
on the incident path), and the diffracted beam. The angle psi (ψ) defines the orientation of
the sample, and is the angle between the incident and diffracted beam bisector, and the
normal of the surface (N).
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Figure 39 Schematic of x-ray diffraction’s principle geometry, with (Left) sample at
orientation ψ =0 and (Right) orientation ψ= ψ. 48
According to Bragg’s Law, the diffraction angle (2θ) is dependent upon the crystalline
lattice spacing of the material, d. Subsequently, any change in d, i.e. a residual stress state
(due to elastic strain), results in a corresponding change to the measured diffraction angle.
‘Measuring the change in in the angular position of the diffraction peak for at least two of
the sample defined by the angle psi (ψ) allows the calculation of the residual stress
present.’49
The x-ray diffraction process, subsequently can only detect changes in d associated with
elastic strain, as any change in d greater than elastic will induce plastic deformation and
dislocation of the material crystalline structure. Subsequently, x-ray diffraction residual
stress measurements are a representation of the residual stress due to elastic strain on a
macroscopic scale of which the x-ray beam is averaged over a volume. This is stated as
‘the residual stress determined using x-ray diffraction is the arithmetic average stress in a
volume of material define by the irradiated area which may vary from square centimeters
to square millimeters, and the depth of penetration of the x-ray beam.’50 According to
literature, the shallow depth of penetration of x-rays involved with aluminum alloys
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dictates that 50% of radiation is diffracted ‘from a layer approximately 0.005mm deep for
the radiation typically utilized for stress measurement.’51 Additionally, ‘the choice of
diffraction peak selected for residual stress measurement impacts significantly impacts the
precision of the method, the higher the diffraction angle, the greater the precision.’52
5.2.3

Residual Stress Calculation: the sin2ψ technique

Software utilized in this research utilizes the sin2ψ technique of residual stress calculation.
This technique involves the linear regression trend line fitting (slope of best fit) to multiple
psi (ψ) angle measurements, from which a ‘stressed’ lattice spacing average is derived, dϕ,
and then subsequently utilized in the following equation to generate a residual stress value:
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5.2.4

Experimental Setup

All x-ray diffraction experimentation was carried out at the Frederick Seitz Materials
Research Laboratory Central Research Facilities, University of Illinois. The experimental
setup was kindly configured by Dr. Mauro Sardela, Head of the University of Illinois
Materials Research Laboratory. Sample preparation for x-ray diffraction involved
mounting samples upon glass microscopic analysis slides, taped together using 3M
adhesive tape, and the assembly of samples on the slides were mounted upon the stage. The
positions of the area of analysis for each sample was then input into the control software
via Cartesian coordinate system point of reference.
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Figure 40 X-ray diffraction experimental setup showing x-ray source, stage mounted
sample, and x-ray detector.
The experimentation utilized the ‘X’Pert 2’ x-ray diffraction system. The system
comprised of a Cu point focus x-ray source, primary optics of x-ray lens, secondary optics
of anti-scatter slits, a radiation wavelength of 0.15418nm (Cu K alpha 1 and K alpha 2),
and a PIXcel point detector. X-ray generator voltage was 40kV. The data software utilized
was ‘X’Pert Data Collector’, utilized for both instrument control, and data acquisition. For
each sample, a peak scan was ran, in order to generate a diffraction peak profile. All
samples were AA7050-T7451, with individual diffraction peak profiles ran for each
measured sample.
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Figure 41 A diffraction peak profile for AA7050-T7451 illustrating peaks and associated
Miller indexes.
For all scans, the [4,0,0] Miller index peak was utilized for residual stress determination,
as this is the highest 2θ peak in the profile, giving greatest measurement precision.
5.2.5

Measurements Conducted

Residual stress measurements were conducted upon the front and rear face of shot peened
samples, at the aforementioned seven stages of fatigue (n= 0, 1, 10, 100, 1000, 10000, and
15000). This yielded a total of 14 results for the shot peened samples. For the baseline
samples, three measurements were carried out at varied stages of fatigue (n=0, 100, 10000).
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5.2.6

Residual Stress Results

Table 9 exhibits residual stress measurement results determined via x-ray diffraction.

Table 9 X-ray diffraction results of interrupted fatigue.
Front of Sample
Sample
Condition
Shot Peened
Shot Peened
Shot Peened
Shot Peened
Shot Peened
Shot Peened
Shot Peened
Baseline
Baseline
Baseline

Fatigue Cycles
(n)
0
1
10
100
1000
10000
15000

Residual Stress
Result (MPa)
-246.7
-248.9
-229.4
-222.6
-214.3
-217.5
-147.7

Error
21.6
10
22.7
17.6
18.5
16.2
18.1

0
100
10000

-5.7
-28.4
-49.6

16.5
17.7
24.2

Rear of Sample
Residual Stress
Result (MPa)
-194.6
-268.2
-234.9
-267.6
-245.8
-216.6
-147.2

Error
13.7
18.3
18.3
16.5
11.3
17.7
13.8
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Figure 42 X-Ray Diffraction – Residual Stress at Surface Measurements

5.2.7

Discussion

Following the fatiguing of samples, and intermittent x-ray diffraction residual stress
measurements, we see some interesting results. Notably, there is a consistent differential
in the compressive residual stress between the front and back face of the samples. This
result may be attributable to one of the following factors; firstly, the staged shot peening
process, by which one face of the dog bone specimen is peened, then the specimen is turned
for peening on the opposite side, may result in an asymmetry due to the order of work being
done by the peening process, with the initial peening having a cold working effect through
the thickness of the thin specimen. Secondly, the condition of each surface (one side as
CNC machined, and the other in the 1200 grit finish) when the samples were sent to be
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peened may have an effect on the resultant residual stress, as Sharpe and Clarke53 suggest
that the surface roughness can significantly contribute to the residual stress magnitude.
Secondarily, we note an asymmetric relaxation between the two surface faces of the
compressive residual stress magnitude through fatigue cycling for the shot peened samples.
Qualitatively, we see the higher absolute magnitude residual stress face relax earlier in
fatigue than the lower absolute magnitude residual stress face. At the 10,000 cycle point,
we also observe an equilibrium of compressive residual stress, and then a rapid symmetric
relaxation through to the 15,000 cycle point.
With regards to the baseline result, we note a slight deviation through fatigue towards a
compressive state. However, this is considered insignificant, and deemed to be within the
realm of measurement error. The baseline sample type remains in a relatively stress free
state throughout fatigue.
5.2.8

Residual Stress Profile from Nano-Indentation

The following element of this research was carried out in co-operation with Siavash
Ghanbari, under the supervision of Prof. Bahr, and the Materials Engineering Department’s
Center for Surface Engineering and Enhancement.
5.2.8.1 Principle of Residual Stress Measurement by Nano-Indentation
An experimental methodology of determining through thickness residual stress profiles of
a cross sectioned shot peened sample has been carried out. This has been undertaken via
nano-indentation. This was carried out based upon the Suresh and Giannakopoulos
model.54 The nano-indentation procedure was undertaken utilizing a Hysitron TI950
TribIndenter, in conjunction with a Berkovich pyramid indentation tip. The indentation
procedure involves the penetration of a flat, uniform surface of the analyzed substrate with
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the indentation tip. Whilst the indentation occurs, the measurement instrumentation records
the applied force, P, and the indentation depth, h. This data is continuously logged during
the process. Suresh and Giannakopoulos have developed a method of estimation of near
surface residual stress, based on numerous assumptions, utilizing the aforementioned
data.55 This model is founded upon Kick’s law:
ܲ ൌ ݄ܥଶ
Whereby, C is a measure of the curvature of the loading ramp of the load depth (P-h) curve,
which signifies loading compliance.

Figure 43 Cross section of shot peened AA7050-T7451 with nano-indentation through
the 1.6mm gauge thickness, showing nano-indent measurements across the sectioned
gauge at a spacing of 10um.
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5.2.8.2 Qualitative Results
It should be noted that the following through thickness residual stress profile was scaled,
in order to comply with the equilibrium condition (through thickness stress balance of
tension and compression).
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Figure 44 Through thickness (1.6mm) residual stress profile of shot peened AA7050T7451 derived from nano-indentation force depth results, and Suresh and
Giannakopoulos residual stress model.

Whilst the experimental model of Suresh and Giannakopoulos does not produce precise
quantitate results in this case in terms of precision through thickness residual stress
magnitude measurement, from a qualitative perspective, we can see that the resultant
residual stress profile is in agreement with the trend expected from literature and more
precise experimental evidence. A compressive region of residual stress extends to a depth
of approximately 200um and 400um from each surface, respectively. This asymmetric
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trend was noted within the x-ray diffraction surface measurement results, however in terms
of near surface compressive stress magnitude, rather than depth of compressive residual
stress penetration. This again may be attributable to surface roughness differential prior to
the peening process, or cold through thickness wave propagation working during the staged
peening process (peen flip peen).
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6.1
6.1.1

SEM Imaging

Hypothesis

Through this experimentation, this thesis endeavors to answer the question of what is the
mechanism for shot peening enhancement for fatigue performance. An objective of this
work is to understand how a cracked particle starts to incubate the short crack into the
matrix within a residual stress field, and at what stage of the fatigue life this occurs, and if
shot peening has an effect upon the phenomenon.
6.1.2

Effect of Shot Peening Process on Secondary Phase

A key element of this research is to understand how a cracked particle starts to incubate
the short crack into the matrix within a residual stress field. The critical difference in this
research hypothesis, is the existence of shot peened cracked precipitates, prior to any
fatigue cycling. The shot peening of the substrate causes plastic-elastic deformation and
induces a compressive residual stress field, however, detrimentally cracks hard constituent
precipitate particles, as well as inducing surface damage. Limited literature exists to
quantify the extent of this cracking, however, Hochhalter, et al,56 have conducted statistical
analysis upon the cracking state of cracking of constituent particles (precipitates) of
baseline AA7075-T651 following fatigue. To the knowledge of the author, no precipitate
cracking assessment of shot peened constituent particles has been carried out.
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Figure 45 By Hochhalter, et al;57 (a) SEM image of AA7075-T651 under load, showing
cracking. Images show (b) an uncracked precipitate, (c) a cracked precipitate where the
crack did not extend into the matrix, and (d) a cracked precipitate with the crack
extending into the matrix.
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Figure 46 Comparison of theorized precipitate cracking state, baseline and shot peened
samples, before and after fatigue loading.
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Figure 47 Sharp et al58, demonstrate the subsurface distribution of precipitates that
initiated fatigue cracking in baseline AA7050-T7451.
Sharpe et al, suggest that material imperfections play a significant role in the early stages
of fatigue cracking (incubation, nucleation), with precipitates being a common site for
fatigue crack initiation. A survey conducted upon approximately a thousand fatigue cracks
within baseline AA7050-T7451, noted the depth of the inclusion from which a crack
initiated. The survey suggests that for a fatigue regime, that a majority of fatigue cracking
initiating from precipitates, is concentrated at the 10um sub surface (when the fatigue is
conducted).
With this in mind, therein lies the potential to qualitatively analyze the competing effects
of shot peening, inducing a compressive residual stress, and cracking particles, through the
fatigue life.
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6.1.3

SEM Evaluation: Before and After Fatigue Precipitate State

The following images were obtained using a FEI Philips XL-40 SEM. Considerations when
surveying and analyzing the precipitate states, include the extent of the cracking, voids in
the vicinity of the precipitate, the proximity of the precipitate to the machining surface (and
in the peened case, the peening surface). Surveys of precipitates were carried out in the
following four states:
1. Shot peened sample before fatigue;
o Polished to a uniform depth of approximately 90um beneath shot peening
surface (important relevant to subsurface precipitate cracking).
2. Shot peened sample after fatigue (4.5k cycles);
o Polished to a uniform depth of approximately 100um beneath shot peening
surface.
o Fatigued to n=4,500 cycles, under parameters detailed at Chapter 5.
3. Basline sample before fatigue;
o Polished to a uniform depth of 400um below machining surface.
4. Baseline sample after fatigue (5.5k cycles);
o Polished to a uniform depth of 400um below machining surface.
o Fatigued to n=5,500 cycles, under parameters detailed at Chapter 5.

76
6.1.4

Shot Peened Survey

Figure 48 SEM image of AA7050-T7451 following the shot peening process. Images
show (a) an cracked precipitate (90um subsurface) before fatigue, (b) a cracked
precipitate (90um subsurface) before fatigue, (c) a cracked precipitate (100um
subsurface) following fatigue, and (d) a cracked precipitate (100um subsurface)
following fatigue with evidence of de-banding.
It should be qualitatively noted that during SEM image surveying, that in both shot peened
state 1 and 2 (shot peened before and after fatigue), that all precipitates showed evidence
of cracking within the precipitate itself. Following fatigue, the cracked precipitates are
observed to be obliterated, with significant cracking throughout. It is interesting to note
that only minor de-bonding occurred with reference to the precipitate interaction with the
matrix, without evidence of cracking extending into the material matrix itself. It is
theorized, that the absence of this cracking extending into the matrix is due to the
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compressive residual stress field induced by shot peening, retarding the crack propagation
into the material matrix; combined with the effect of cracked precipitates having a higher
compliance due to the initially cracked state of all the shot peened sample precipitates.

6.1.5

Baseline Survey

Figure 49 SEM image of AA7050-T7451 in the baseline condition. Images show (a) an
intact precipitate (400um subsurface) before fatigue, (b) an intact precipitate (400um
subsurface) before fatigue, (c) a cracked precipitate demonstrating incubation and
propagation into the material matrix following fatigue, (d) an obliterated precipitate
demonstrating de-banding and crack propagation into the material matrix.
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It should be qualitatively noted that some cracking was evident during the surveying of
baseline state 3 (before fatigue), that some precipitates were cracked and uncracked.
Following the fatigue regime, the precipitates are observed to exhibit significant cracking,
and incubation of said cracks into the material matrix, including propagation. The absence
of any compressive residual stress field within the matrix, unlike the shot peened case,
results in propagation of the cracking extending into and throughout the substrate.
6.1.6

Discussion

This survey has provided qualitative evidence to suggest that despite the fact shot peening
may initially crack precipitate particles, this detrimental effect is somewhat offset by the
induced compressive residual stress induced by the process. Further in situ observation of
crack initiation and propagation in the two cases could be carried out to improve the
understanding of the precipitate to matrix interaction, with regard to fatigue crack initiation
within the material matrix, comparing the baseline and shot peened state.
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6.2

Nano-Indentation

The following element of this research was carried out in co-operation with Siavash
Ghanbari under the supervision of Prof. Bahr, and the Materials Engineering Department’s
Center for Surface Engineering and Enhancement.
6.2.1

Precipitate Mapping

In order to evaluate the precipitate state and surrounding material matrix, as per the
hypothesized cracking effect during shot peening and fatigue, a line nano-indentation
regime was developed. The regime involved the identification of target precipitates within
a known area of interest via optical imaging, following surface preparation carried out as
detailed in Chapter 3. Optical imaging maps of each area were taken using an Olympus
BX51M optical microscope, showing location of precipitates, on a shot peened and
baseline sample, prior to fatigue at 10x magnification.

Figure 50 Optical microscope precipitate map of a baseline sample at 10x magnification,
illustrating precipitates readily identifiable within the material matrix.
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6.2.2

Nano-indentation Experimentation

The intention of the nano-indentation was to evaluate the precipitate compliance, in
addition to the relative residual stress of the material matrix surrounding the precipitate.
Once precipitate locations were identified, samples were then mounted for nanoindentation, again utilizing a Hysitron TI950 TribIndenter, in conjunction with a Berkovich
pyramid indentation tip. The indentation procedure involves the penetration of a flat,
uniform surface of the analyzed substrate with the indentation tip.
Nano-indentation was carried out on precipitates before and after, fatigue, on a shot peened
sample, and baseline sample, in the following states, identical to the SEM survey:
1. Shot peened sample before fatigue;
o Polished to a uniform depth of approximately 90um beneath shot peening
surface (important relevant to subsurface precipitate cracking).
2. Shot peened sample after fatigue (4.5k cycles);
o Polished to a uniform depth of approximately 100um beneath shot peening
surface.
o Fatigued to n=4,500 cycles, under parameters detailed at Chapter 5.
3. Basline sample before fatigue;
o Polished to a unifrom depth of 400um below maching surface.
4. Basline sample after fatigue (5.5k cycles);
o Polished to a unform depth of 400um below maching surface.
o Fatigued to n=5,500 cycles, under parameters detailed at Chapter 5.
In each state, nano-indentation was conducted within single area of interest upon
precipitates within the area of interest. Indentation pattern was in a straight line and each
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with a spacing of 10um, spanning enough interrogation points to traverse from one side of
the precipitate within the material matrix, to the opposite side (usually involving 7-10
indents). It was attempted to place the central indents of the line, directly upon the
precipitate center.
Figure 51 illustrates the line indentation pattern, of which was utilized to interrogate both
the precipitate, and surrounding material matrix.

Figure 51 Line pattern of indentation utilized to interrogate precipitate particles,
including 7 indents at 10um spacing.
6.2.3

Anticipated Results

Based upon the hypothesis cracking state, and the SEM imaging survey, it was anticipated
that the precipitate hardness magnitude would following the order, in decreasing hardness:
baseline before fatigue, shot peened before fatigue, baseline after fatigue, and shot peened
after fatigue. This was presumed based upon the anticipated response to the precipitate
cracking state illustrated within Figure 46, and the expected compliance of the respective
precipitate areas whilst undergoing nano-indentation, due to precipitate cracking.

82
6.2.4

Results – Matrix Residual Stress

In order to appropriately present results, the Suresh and Giannakopoulos model should
understood. In representing the qualitative residual stress of the material matrix for the
states of the samples, the indentation load versus indent penetration depth must be
graphically explained.

Figure 52 Suresh and Giannakopoulos indentation load versus penetration depth curve for
the qualitative estimation of residual stress by nano-indentation.59
Figure 52 illustrates the translation in the indentation load versus penetration depth curve
for a tensile residual stress, in comparison to a stress free virgin material. We note that for
a tensile residual stress, a shift downward and to the right on the plot. For a compressive
residual stress, a similar translation occurs, however upwards and to the left of the stress
free (virgin material) curve. These shifts are further detailed by Suresh and
Giannakopoulos, however for the intention of displaying qualitative changes in residual
stress for the material matrix, this level of understanding is suffice.
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In the representation of residual stress for the material matrix, only indents clearly within
the matrix were utilized as data points. Figure 53 illustrates the material matrix qualitative
residual stress measurement resulting from nano-indentation.

Figure 53 The indentation load versus penetration depth curve for shot peened samples,
compared with a presumed stress free baseline material, illustrating the compressive
residual stress before fatigue.
Figure 53 illustrates a compressive residual stress bias for the shot peened sample, prior
to fatigue. This is expected, and correlates with theory and x-ray diffraction results.
Additionally, we see a relaxation through fatigue, with the shot peened sample curves in
an orientation closer to the stress free state than the compressive residual stress observed
in the pre-fatigue case.
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6.2.5

Precipitate Particles – Nano-indentation Modulus Evaluation

In addition to deriving the residual stress of the material matrix, the precipitates were
evaluated as per the hypothesized cracking state via quantification of modulus from the
indentation loading and unloading data. This practice was carried out utilizing the
theoretical methodology described by Oliver and Pharr.60 The nature of nano-indentation
allows for the measurement of modulus at a very precise location, ideal for interrogating
individual precipitates on the micrometer scale. From imaging obtained during the
indentation process, indentation data points were selected based on location relative to the
precipitates. For evaluation of modulus, only data points clearly within the boundary of the
precipitate were selected as representative.

Figure 54 The indent load versus depth curve, illustrating the gradient of the unload
section of the curve, utilized in deriving the indented material modulus.61
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Oliver and Pharr describe the theoretical methodology for which the reduced modulus is
derived from nano-indentation testing data. The gradient of the unloading during the
indentation test is indicative of the reduced modulus, which, with the resultant test
information, combined with material/indenter geometric contact information, gives the
material reduced modulus. Figure 55 illustrates the resultant reduced modulus distribution
for the tested precipitate states.

Figure 55 Cumulative distribution of the reduced modulus of sample states, illustrating a
higher modulus prior to fatigue
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6.2.6

Discussion

It can be seen from Figure 55, that there is a distinct qualitative trend, in terms of the
resulting reduced modulus for each precipitate state. The shot peened reduced modulus is
at the lower end of the spectrum, then followed by the baseline post fatigue state, and finally
the baseline pre fatigue state. This order of modulus is qualitatively in agreement with the
hypothesized cracking state, whereby, it is assumed that a higher extent of cracking within
the precipitate particle, will result in a lower compliance (low elastic modulus).
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7.1

Summary

This work has provided the foundation for future continued investigative research into
crack initiation and crack incubation by precipitates within shot peened aluminum alloys,
specifically AA7050-T7451. Surface topography following shot peening has been
measured. Grain characterization has been carried out, noting no discernable difference in
microstructure between shot peened and baseline samples in terms of grain size at a subpeening depth of approximately 90um. Elemental analysis has been carried out,
demonstrating the chemical constituents of precipitate particles within AA7050-T7451 are
predominantly comprised of Al7Cu2Fe. A fatigue performance comparison has been
conducted, with the small batch of shot peened samples, with no discernable difference in
fatigue performance concluded when compared to baseline samples.
A significant outcome of this thesis, is the hypothesized cracked versus uncracked state of
precipitate particles with AA7050-T7451. The effect of shot peening upon the state of
precipitates has been considered, demonstrating that subsurface particle cracking is evident
via surface preparation and SEM imaging of precipitates in shot peened samples. Near
surface residual stresses have been evaluated through x-ray diffraction measurement in
shot peened samples, as a function of fatigue, demonstrating rapid relaxation of near
surface residual stresses leading to the reduction in beneficial (crack retardation) residual
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compressive stress, and subsequently failure at a similar fatigue performance (number of
cycles) under identical stress controlled loading parameters to that of baseline samples.

The scanning electron microscope survey of precipitates confirmed the cracked state of
precipitates in the shot peened samples, prior to fatigue loading, demonstrating the adverse
effect of shot peening damage. This cracked state has been quantified utilizing
experimental nano-indentation techniques in cooperation with the Center for Surface
Engineering and Enhancement. Additionally, the qualitative through thickness residual
stress profile of shot peened samples have been generated utilizing a nano-indentation
technique in combination with the Suresh Giannakopoulos model.
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7.2

Recommendations and Future Work

Further work should be concentrated on the little understood area of the effect of shot
peening on hard precipitates within the material matrix. Some fundamental qualitative
results have shown there is potential for further work, and possibly an optimization study,
into the trade-off in fatigue performance between surface enhancement via compressive
residual stressing, and cracking of precipitate particles through shot peening.
A larger sample batch size for AA7050-T7451 fatigue analysis could be evaluated for
baseline versus shot peened fatigue performance comparison, to either evaluate the fatigue
performance under the fatigue parameters used in this study, or, alternatively, in a high
cycle fatigue regime, in order for the crack propagation retardation effect of the shot peened
residual stress profile to have a more profound effect upon fatigue performance.
Another interesting future endeavor could involve the comparative in situ analysis of
precipitate cracking, incubation, and propagation of shot peened and baseline samples from
the constituent precipitate particles.
This nature of work would benefit from larger specimens, on which a higher cycle fatigue
regime could be conducted.
Another variation which has potential to improve the understanding of the effect of shot
peening on the cracking of precipitates is to incorporate FIB (Fine Ion Beam) polishing
techniques into the surface preparation regime. This process would allow for more precise
surface preparation, and analysis in closer proximity to the shot peened surface.
Finally, there exists the potential of the variation in Almen intensity, and the subsequent
effect upon the cracking of precipitates, and resultant material performance, to be
evaluated.
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